Ultrastructural changes in immature articular cartilage were studied after treatment of 5-wk-old rats with ofloxacin&mdash;a fluoroquin-olone&mdash;and in magnesium deficiency. Magnesium deficiency was induced by feeding a magnesium-deficient diet for 9 days; the condition was confirmed by measuring the concentrations of the mineral in plasma, bone, and cartilage samples of the animals by atomic absorption spectrophotometry. Oral administration of single doses of 600 or 1,200 mg ofloxacin/kg body weight and magnesium deficiency were sufficient to induce gross structural cartilage defects. Alterations observed on the ultrastructural level showed striking similarities in magnesium-deficient rats and in rats treated with single doses of 600 mg ofloxacin/kg body weight. Typical observations were (a) bundle-shaped, electron-dense aggregates on the surface and in the cytoplasm of chondrocytes, (b) detachment of the cell membrane from the matrix and necrotic chondrocytes, (c) reduction of the extracellular matrix, and (d) swelling of cell organelles such as mitochondria. These findings further substantiate the histological finding that quinolone treatment and a dietarily induced magnesium-deficiency induce indistinguishable pathological conditions in immature joint cartilage, and they suggest that quinoloneinduced arthropathy is probably caused by a reduction of functionally available magnesium (ionized Mg 2+ ) in cartilage (42) . Furthermore, they provide a basis for aimed studies with human cartilage samples from quinolone-treated patients that might be available postmortally or after hip replacement surgery.
INTRODUCTION
Fluoroquinolones are widely used antimicrobial agents for treatment of bacterial infections such as urinary and respiratory tract infections (27) . All quinolones known so far exhibit the toxic potential to induce cartilage lesions in juvenile animals of multiple species (2, 4, 18, 41, 44, 45) [for review, see Gough et al (13) ]. Histologically, these alterations have been described comprehensively, but information about ultrastructural changes are scarce. One report on the electron microscopic changes after treatment with difloxacin in dogs is available (5) , but the effects of fluoroquinolones in other species have not been reported.
Recently, we showed that dietarily induced magnesium deficiency in juvenile rats caused pathological changes in joint cartilage that could not be distinguished from ofloxacin-induced lesions by histology (42) .
In this article, we report on ultrastructural changes in articular cartilage from magnesium-sufficient and magnesium-deficient rats after treatment with ofloxacin. The findings of the electron microscopic studies further substantiate the fact that quinolone-induced changes are similar to defects induced by magnesium deficiency. MATERIAL AND METHODS Treatment of Rats. In this study, cartilage samples from a previous study on the effects of ofloxacin in magnesium-sufficient and magnesium-deficient rats (42) were investigated electron microscopically. Briefly, 24 magnesium-sufficient and 25 magnesium-deficient 35-day-old Wistar rats were treated with a single dose of 0 (n = 6 magnesium-sufficient and 7 magnesium-deficient rats, respectively), 300 (7/6), 600 (7/6), or 1,200 (4/6) mg ofloxacin/kg body weight (bw) by gastric intubation. The dosing solution was prepared by suspending commercially available tablets (TarividO) in 2% starch solution. Control animals received the vehicle only. Rats were kept in Macrolong cages at a room temperature of 23 ± 1°C and relative humidity of 50 ± 5%, at a constant light/ dark schedule (light: from 7 am to 7 pm). Magnesiumsufficient rats received Altroming 1324 pellet food (mug2+ content: > 1,000 mg/kg) and tap water ad libitum. Magnesium-deficient rats were fed a magnesium-deficient diet (Altromin&copy; C1035 Mg2+ content: 84 mg/kg) for 9 days starting on day 28 postnatally. Magnesium concentrations in tissue and plasma were measured by atomic absorption spectrophotometry as described previously (42) . Light Microscopy. All rats were sacrificed 72 hr after treatment with the quinolone. The left knee joint was prepared, fixed in formalin, decalcified in 10% EDTA solution (pH 7.4), stained with Toluidine blue, and inspected by light microscopy.
Transmission Electron Microscopy. Articular cartilage including the growth zone of articular cartilage was prepared from the right knee joint of 1 animal from each dosing group. Samples were taken from the predilection sites at the distal part of the femoral condyle. Cartilage disks with all layers (from surface to bone) were obtained by tangential sections of the distal part of the femoral condyles using a razer blade. This area shows the most pronounced changes in cartilage after treatment. Subsequently, these cartilage disks were cut crosswise for the preparation of ultrathin sections. These sections contain all layers of joint cartilage. Thus, orientation from cartilage surface or from bone is easy (A in Fig. 1 ).
All samples were fixed in 1 % glutaraldehyde plus 1 % tannic acid in 0.1 M phosphate buffer (pH 7.4) and postfixed in 2% OsO~/0.1 M phosphate buffer. After rinsing and dehydration in ethanol, the samples were embedded in Epon (Plano, Marburg, FRG), cut with an Ultracut E (Reichert), contrasted with 2% uranyl acetate and lead citrate, and investigated under a transmission electron microscope (Zeiss EM 10). Additionally, samples were taken from the epiphyseal growth plate (B in Fig. 1 ) of 3 control rats and prepared as already described.
RESULTS

Magnesium Concentrations in Tissue and Plasma
Magnesium deficiency was confirmed by measuring the concentrations of the mineral in plasma, bone, and sternal cartilage (Processus xiphoideus). Mean concentra-tions in plasma, bone, and cartilage from magnesiumdeficient rats were 22, 48, and 61 % of the respective values of magnesium-sufficient rats (42) . Figure 2 shows ofloxacin-induced gross structural cartilage lesions in knee joints from immature rats on normal (a) and magnesium-deficient diet (b). The magnesiumdeficient rat in Figure 2b was treated with a single dose of 300 mg ofloxacin/kg bw, which is not arthropathogenic in magnesium-sufficient rats. Cartilage lesions (matrix swelling, horizontal cleft formation, decreased matrix staining with Toluidine blue) in magnesium-sufficient rats occurred after single doses of 600 mg ofloxacin/kg bw and in all magnesium-deficient rats without ofloxacin treatment. Treatment of magnesium-deficient rats with ofloxacin doses, which are not arthropathogenic in rats with a normal Mg2+ status, increased incidence and severity of lesions: the number of lesions per joint in magnesiumdeficient rats increased after single-dose ofloxacin treatment (42) .
Light Microscopy
Electron Microscopy
The ultrastructral features of the resting and proliferating zones of joint cartilage (distal part of the femoral condyle) from juvenile control rats showed typical chondrocytes embedded in the cartilage matrix. The chondrocytes were round to oval (Fig. 3a ), had intact organelles, and showed numerous thin cell processes. Cartilage matrix was well developed consisting of thin irregularly running collagenous fibrils that attached to the chondrocyte membrane. After tannic acid fixation, contacts with the surface coat of the cell membrane were perceptible (Figs. 3a and 4a). . m = meniscus. b) Knee joint cartilage from rats after feeding a magnesium-deficient diet for 9 days and treatment with a single oral dose of 300 mg ofloxacin/kg bw. Formation of clefts (*) and erosion of the cartilage surface in the femoral condyle and the tibial condyle. In contrast to these findings, cells from the epiphyseal growth plate (Fig. 3b ) and the growth zone of articular cartilage (not shown) of untreated juvenile rats showed characteristic formation of electron-dense bundles in and outside the cells, which will be described later.
Electron microscopic investigations of ofloxacin-treated joint cartilage revealed characteristic changes as com-pared with the untreated controls: (a) bundle-shaped, electron-dense aggregates on the surface and in the cytoplasm of chondrocytes, (b) detachment of the cell membrane from the matrix and necrotic chondrocytes, (c) reduction of the extracellular matrix, and (d) swelling of cell organelles such as mitochondria.
After tannic acid fixation, the reduction in the packing Chondrocyte cell membrane has extensive contact with the pericellular matrix. Intense staining of the cartilage matrix with tannic acid. X4,000. b) Thin section of the proliferating zone of the epiphyseal growth plate. Reduced matrix staining. Electron-dense structures (arrows) of varying shapes and size can be found on the cell membrane and inside numerous chondrocytes (C). X4,000. density of collagenous structures in joint cartilage became very clear. This reduction was diffuse and concerned the areas close to the cells as well as those at some distance to the cells. Because after tannic acid fixation other components of the matrix (e.g., glycoproteins) were also contrasted, it cannot be excluded that they were also reduced (Fig. 4b ). The reduction in matrix components started pericellularly, because these effects were first seen in this region.
Many cartilage cells of the middle zone, which somehow corresponds to resting cartilage, lost their contacts to the matrix and optically empty spaces developed. The occurrence of necrosis in this middle layer appears to be important for the explanation of matrix changes. The necrosis was accompanied by a distinct densification of cells before they finally became fragmented.
Another treatment-dependent change was the occurrence of filament bundles in the resting and proliferating zones of joint cartilage, where they do not occur under normal conditions. As already mentioned, they were regularly found in the epiphyseal growth plate and in the growth zone of articular cartilage (Fig. 3b) . These filaments were approximately 5-20 nm thick and very electron-dense under the applied preparation conditions. Their average length was 0.3-0.5 [Lm. They appeared to consist of a series of successively arranged granules. They either occurred singly or spread out radially and in bundles and in a peacocklike fashion from one point of the cell membrane. Occasionally they were arranged parallel to the cell membrane or appeared in intracellular vacuoles.
Matrix and chondrocytes of the resting and proliferating zones from articular cartilage of magnesium-deficient rats showed similar morphological changes ( Fig.   4c ).
Also, treatment of magnesium-deficient rats with a nonarthropathogenic single dose of ofloxacin (300 mg/kg) caused similar ultrastructural changes of chondrocytes and a reduction of cartilage matrix in the proliferating and resting zones. Peacocklike structures were seen in the pericellular space, which consisted of fibrillar and globular material (Fig. 4d, e ). We also noted areas in articular cartilage where all chondrocytes showed the aforementioned changes in addition to necrotic cells with completely degraded matrix. Macrophages were not detectable in cartilage.
DISCUSSION
Data presented in this paper support the hypothesis that quinolone-induced arthropathy may be caused by interference of the drugs with extracellular magnesium in joint cartilage because dietarily induced magnesium deficiency Frog. 4.-Electron microscopic pictures of the proliferating zone of articular cartilage from the distal femoral condyle of immature Wistar rats. a) Magnesium-sufficient; no ofloxacin treatment (control). Chondrocytes (C) have normal morphology and intact organelles; the cell membrane has extensive contact with pericellular matrix (*). Intense staining of the cartilage matrix with tannic acid. X6,500. b) Magnesium-sufficient; treatment with 1 X 600 mg ofloxacin/kg bw. Electron-dense material (arrows) on and inside the cells. Loosening and reduction of the matrix (*) as shown by decreased staining with tannic acid. Matrix-free pericellular areas around the chondrocytes (C). X6,500. c) Magnesium-deficient; no ofloxacin treatment. d) Magnesium-deficient; treatment with 1 X 300 mg ofloxacin/kg bw. c, d) Articular cartilage from distal femoral condyle of magnesiumdeficient rats without ofloxacin treatment (c) and after a single dose of ofloxacin (d). Chondrocyte (C) has detached from the matrix (*). Optically matrix-free pericellular areas occur. The cell shape has changed. Electron-dense material (arrows) is observed on and inside the cells. Loosening and reduction of the matrix (*) as shown by decreased staining with tannic acid. c, d: X6,500. e) Higher magnification of d. Electron-dense aggregates appearing in a peacocklike fashion in the pericellular spaces. They are composed of small globular or filament-like structures of varying size and length. X25,000. caused cartilage lesions that were not distinguishable from quinolone-induced lesions also on an ultrastructural g level. This finding is in agreement with data from a light c microscopic investigation of joint cartilage from ofloxac cin-treated juvenile rats revealing lesions that were indiss tinguishable from joint damage induced by magnesium 1 deficiency alone (42) . This comparison to therapeutically applied doses. However, ' we could show before that with gastric intubation of 600 , mg ofloxacin/kg bw-representing approximately a 100-, fold human dose-plasma concentrations in immature rats were only approximately 10-fold higher than concentrations measured in humans (44) . This relationship between dose and kinetics has to be taken into account if toxicological and therapeutic data are compared.
Arthropathy can be induced by quinolones in immature animals of multiple species such as dogs (2, 4) , rats (18) , nonhuman primates (41, 44) , and others [for review, see Gough et al (13) ].
Arthropathy has been reported in a considerable number of cases on juvenile and even adult patients (7, 34) [for review, see Stahlmann et al (43) ]. The possible risk for humans is still a matter of controversy, as the causal relationship in these cases remains obscure. Because fluoroquinolones possess the unique combination of a high antimicrobial activity against gram-negative pathogens-including Pseudomonas aeruginosa-plus good bioavailability after oral administration (27) , physicians have demanded a limited use of these drugs in pediatrics (1, 35) .
Certainly, the chondrotoxicity of quinolones under therapeutic conditions is low, and the vast majority of juvenile patients has shown no clinical signs of arthropathy after treatment with a quinolone. However, it remains unclear whether or not minor lesions might also occur in humans after therapeutic doses, particularly if they are hypomagnesemic. So far, only a very limited number of human cartilage samples has been studied electron microscopically after quinolone treatment. Schaad and Wedgwood (33) examined joint cartilage samples from 2 cystic fibrosis patients (ages 7 and 13 yr) after a total of 9-10 mo of treatment with ciprofloxacin; macroscopically and electron microscopically, no changes similar to those found in animal experiments were observed.
The results from our electron microscopic investigation showed 4 characteristic ultrastructural changes: (a) electron-dense aggregates on the surface and in the cytoplasm of the chondrocytes, (b) cell membrane detachment from the pericellular matrix and necrotic chondrocytes, (c) reduction of the extracellular matrix, and (d) swelling of cell organelles such as mitochondria, which were similar in both treatments.
Some of these alterations such as swelling of cell or-;anelles, electron-lucent pericellular areas, and necrotic :hondrocytes have also been observed in cartilage from logs treated with difloxacin (5) . Additionally, in our ;tudy electron-dense, bundlelike structures in the pericelular matrix of chondrocytes from magnesium-deficient md from ofloxacin-treated rats were observed. Landis md Hodgens (22) showed that these electron-dense, bunilelike aggregates occur physiologically in the pericelular spaces from proliferating chondrocytes in the epiphyseal growth plate of juvenile rats but did not examine articular cartilage in their study. In agreement with these authors, we found these structures in the epiphyseal growth plate but not in articular cartilage from untreated juvenile rats with a normal magnesium status. This latter finding is also in agreement with the results of Carlson et al (6) , who investigated articular cartilage and its underlying growth zone from immature pigs. Electrondense material in the pericellular matrix was only occasionally observed and located on chondrocytes in the hypertrophic and the calcifying region adjacent to the subchondral bone.
Because autoradiographic examination by Landis and Hodgens (22) revealed the presence of sulfate in these aggregates, they were considered as precursors of the large cartilage proteoglycans. Although it cannot be excluded with certainty that they also contain mineral, from a morphological point of view they definitively are not apatit structures. In our study, the presence of these aggregates in the pericellular matrix and in the cytoplasm of chondrocytes from articular cartilage after ofloxacin treatment or magnesium deficiency was a significant difference compared to cartilage from untreated control animals. Because these aggregates also occurred inside cells, which otherwise appeared to be intact, they might indicate early pathological changes and reflect intracellular enrichment due to impaired excretion of proteoglycans. Additionally, proteoglycan synthesis may be decreased, as observed by reduced uptake of 35S04 in chondrocytes and matrix from ofloxacin-treated rats (17, 19) and by the decreased matrix staining with Toluidine blue [e.g., see (42) ]. These effects are known to be characteristic findings after quinolone treatment. Because the extracellular matrix in cartilage plays an essential role in the behavior, differentiation, and proliferation of chondrocytes (16, 20, 21, 30, 40) , secondary cell degeneration may occur.
It has been speculated that impairment of cell-matrix interactions is the primary event in quinolone-induced arthropathy (43) . The presence of a pericellular halo around chondrocytes from ofloxacin-treated and magnesium-deficient rats could support this hypothesis. From in vitro investigations with chondrocytes, it is known that several integrins are present on chondrocytes and that the cellmatrix interaction is mediated by integrin receptors of thẽ 3, subfamily (10, 11, 23, 37-39). These receptors could recently be demonstrated in human cartilage (33, 48) anc were reduced in rat chondrocytes after ofloxacin treatment (12) . Because they require divalent cations, patic ularly Mug2+ (24) , their function could be impaired ir magnesium deficiency or by Mg2+-chelating agents such as quinolones in this poorly nutrient-supplied tissue.
As the mechanism of cell injury, the release of cytokines could play a role in the impairment of proteoglycan synthesis. Tumor necrosis factor a (TNF-a) is known to induce interleukin 1 (IL-1) (8, 26) and synergistic effects between IL-1 and TNF-a have been described (15, 34) . These cytokines inhibit proteoglycan synthesis and induce a breakdown of cartilaginous matrix (9, 25, 29, 32) by induction of matrix metalloproteinases (47) . In accordance with this mechanism, increased plasma levels of IL-1 and TNF-a were observed in magnesium-deficient rats compared to controls (14, 46) .
In summary, ofloxacin-induced cartilage lesions were ultrastructurally not distinguishable from cartilage lesions induced by magnesium deficiency in joint cartilage from juvenile rats. This finding confirms our light microscopic investigation and suggests that the primary event in quinolone-induced arthropathy is a lack of functionally available magnesium. Early changes in chondrocytes indicate impairment of proteoglycan synthesis/excretion and/or cell-matrix interaction. The further sequence of events leading to cartilage damage in quinolone or magnesium deficiency-induced arthropathy is still unknown. Further studies are necessary to define these events in quinoloneinduced arthropathy.
